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CHAPTER 1. INTRODUCTION 
1.1 Background on Applications for Transparent Conductive Oxides 
1.1.1 Transparent Conductive coatings: Historical and Current Materials 
Transparent conductive coatings in the form of thin oxide films and very thin metal 
films have been known and utilized for many years [1, 2]. The primary application for 
transparent conductive coatings is as electrodes. Thin gold leaves were used as front 
electrodes in photoconductive and photovoltaic selenium cells as far back as 1884 [2]. Thin 
film electrodes of silver were used on selenium photoelectric cells as early as 1885 [2]. 
Platinum films, for use in the same application, were introduced in 1888 [2]. In the 1930's, 
commercial use of transparent conductive coatings became widespread in the form of metal 
films for the front electrodes of the first solid state photodetectors, usually as extremely thin 
sputtered gold, silver, or copper layers [2]. In addition to the use of thin metal films, there 
were also many oxide semiconductors that were known as transparent conductors. For 
example, in 1907 Badeker reported transparent conducting thin films of CdO prepared by 
thermal oxidation of sputtered cadmium films [1].Other transparent conductive oxides that 
have also been known since the early to middle 1900's include SnO2 and In2O3 [1].Many 
more practical applications for the transparent conductive coatings were realized with the 
introduction of these wide band-gap semi-conducting oxides. For example, spray-deposited 
SnO2 coatings were used in WWII in commercial Nesa glass, an electrically conductive 
coating for de-icing windows in fighter planes [2]. The current standard in transparent 
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conductive oxides (TCO's) is indium tin oxide (In20 3 doped with 9 mole % Sn). Other 
Although the use of thin metal films met the demands of some applications, they were 
not adequate for the more demanding applications of electronic devices such as solar cells, 
solar heat collectors, anti-static coatings, electrodes in imaging devices, liquid crystal 
displays, and gas sensors. The attractiveness of the metal films lies in their chemical 
compatibility with substrates, their small work function allowing for a small Schottky barrier, 
and their rapid deposition by evaporation. However, the metals are lacking in hardness and 
often require protective coatings or laminate structures [2]. Additionally, high transparency 
in the visible region of the spectrum requires extremely thin films ( ~ 10-8 cm). With metal 
films of this thickness, diffuse scattering of the charge carriers at the surface of the film 
reduces the mean free path considerably thus causing decreases in conductivity [2]. Equation 
1.1 describes the intensity of transmitted light: 
Equation 1.1 I _ I <-ax) - oe 
Here x is the distance the transmitted light travels in the material and a is the absorption 
coefficient. The absorption coefficient is a function of the energy of the incident light. Table 
1.1 shows the effect of the film thickness on transmission for various metal films. It is clear 
that with such large absorption coefficients, transmission is impossible except for extremely 
thin films. Finally, metal films tend to be unstable and their properties change with time 
[ 1 ].As an alternative, highly transparent and conducting oxide semiconductor films 
demonstrate better stability and mechanical hardness as well as good environmental stability. 
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Table 1.1: Absorption coefficient and effect on transmission intensity for various metal films 
for A=600nm [3] 
Metal Absorption 
Coefficient, a 
Copper 7.0*109 
Silver 8.6* 109 
Gold 6.8*109 
Aluminum l.3*109 
Distance, x, m 
(Film Thickness) 
10-6 
10-7 
10-8 
10-9 
10-6 
10-7 
10-8 
10-9 
10-6 
10-7 
10-8 
10-9 
10-6 
10-7 
10-8 
10-9 
I/I0 
9* 10-4 
3.4*10-31 
2*10-305 
0 
1.910-4 
6.3* 10-38 
0 
0 
1.13* 10-3 
3.4* 10-30 
2* 10-295 
0 
3.5*10-6 
2.7*10-55 
0 
0 
The optical transmission and electrical conductivity determine the usefulness of a 
transparent conducting coating [2]. For the best possible material, both parameters should be 
maximized. However, there are other factors that are equally as important when considering 
large-scale utilization including: environmental stability, abrasion resistance, substrate 
compatibility, availability of raw materials, cost of raw materials, and ease and economics of 
deposition [2]. These factors come into play when considering the current standard material 
indium tin oxide (ITO). Although ITO demonstrates high conductivity ( ~ 104 Siem) and high 
transmission, it does suffer drawbacks. First, one of the main uses of ITO is as 
photoelectrodes in solar cells. As the demand for solar cells increases, there is some question 
regarding indium availability [l]. This availability question could create cost issues with the 
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use of indium. Next, ITO films as photoelectrodes suffer in efficiency due to their poor 
transmission in the bluish-green portion of the visible spectrum [2]. Finally, the corrosion 
resistance and environmental stability is not adequate. Other potential TCO's such as the 
cadmium compounds mentioned previously suffer some of the same drawbacks. 
Additionally, in the case of cadmium, toxicity, safety, and environmental factors also play a 
role. All of these factors support the drive for further research into new and better TCO's. 
1.1.2 Development of Transparent Conductive oxides for Devices 
Although the principal use of transparent conductive oxides has been in the form of 
electrodes, there is great potential for electronic devices such as pn junctions, transparent 
transistors, and photodiodes. The primary obstacle in the development of semiconductor 
oxide devices has been the lack of a p-type conducting oxide. All of the aforementioned 
conductive oxides are n-type. With the recent discovery of transparent conducting p-type 
oxides, including the delafossite CuAlO2 and the layered ScCuO2+x, much progress has been 
made [ 4, 5].This has resulted in the development of the first transparent pn junction [6]. This 
exciting development can lead to devices such as transparent thin film transistors (TFT's) [6], 
or optoelectronic devices such as UV emitting laser diodes, and UV sensitive photovoltaic 
devices [7]. 
With the established need for better transparent conductive oxides, there is great 
interest in researching new and better materials. Studies on oxides have been and continue to 
be done on spinels, pyrochlores, delafossites, and others. For transparent electrode 
applications, none of the research has resulted in a replacement for ITO. However, some of 
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the results have been quite promising. Additionally, for potential pn junction applications, 
there has been much progress in p-type oxide development. 
1.1. 3 Requirements for Transparent Conductive Oxides 
As stated previously, the primary requirements for a transparent conducting oxide are 
high conductivity (at least as high as ITO) and high transparency in the ultraviolet and visible 
portion of the spectrum(> 85%). Additionally, good chemical/corrosion resistance, high raw 
material availability, low raw material cost, and environmental safety should be considered. 
In terms of optical and electronic properties, the worthiness of transparent electrodes can be 
evaluated by determining the figure of merit, (!)Tc, developed by Haacke (see Equation 1.2) 
[2]. 
Equation 1.2 
TIO 
</Jrc =-
Rs 
In Equation 1.2, T is transmission and Rs is the sheet resistance in 0/D (resistance of a film 
with square surface area). The sheet resistance is given by Equation 1.3. 
Equation 1.3 . 
In Equation 1.3, cr is the conductivity in Siem and t is the film thickness in cm. From 
Equation 2 it is clear that in order to lower sheet resistance, high conductivity is required 
unless the thickness is unreasonably large. A typical value for sheet resistance in coatings is 1 
0/D. As an example, if Rs is 10 then a coating of 1 µm is required if the conductivity is 
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1000 rr1cm-1• This same conductivity would require a thickness of 10 µm to obtain a sheet 
resistance of 1 0/0 (2). A film with a thickness of that magnitude would most likely absorb 
too much light (2). Therefore, conductivity values greater than 1000 o-1cm-1 are desired. 
Next, looking at transmission, Equation 1.4 relates transmission to the optical 
absorption coefficient, a. 
Equation 1.4 T = exp(at) 
Once again, t is thickness in cm, T is transmission, and a is the optical absorption coefficient 
in cm-1• Now the figure of merit can be rewritten as Equation 1.5. 
Equation 1.5 (pTc = crt*exp(-1 Oat) 
Assuming a given sheet resistance of 1 Equation 1.5 can be written. 
Equation 1.6 (pTc ~ exp(-constant*a/cr) 
Now ala can be viewed as the materials parameter for determining the figure of merit. For a 
semiconductor, that ratio is given by Equation 1. 7. 
Equation 1. 7 = a e 
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In Equation 1. 7, c is the velocity of light, n is the index of refraction, µ is the mobility, m * is 
the effective mass of the electron, v is the light frequency, and e is charge. For example, 
using the values in Table 1.2 for an ITO film deposited by e-beam evaporation, the materials 
parameter, cr/a at a wavelength of 600 nm is calculated to be 23.93. 
Table 1.2: ITO values for figure of merit parameters [1] 
Index of refraction, n 
Mobility, µ, cm2/V·s 
Effective mass, m * 
2.0 
30.0 
0.33*m0 
Based on Equation 1. 7, good transparent conductor properties should occur in 
semiconductors with high mobilities. The equations supporting this are based on the 
assumption that absorption processes are caused by free carriers only [2]. With this 
assumption, it is implied that the useful transmission region in the spectra for semiconductors 
is limited to wavelengths that have energies smaller than the band gap energy. Since most of 
the applications that have been discussed require transmission over the entire visible portion 
of the spectrum, the oxide semiconductors that are best suited for research are those with 
band gaps greater than 3.0 eV [2]. Table 1.3 provides the energies for wavelengths in the 
visible and UV portion of the spectrum. These energies correspond to the cutoff for 
transmission as discussed above. Conductive oxides with bandgaps that are less than 3.0 eV 
will not transmit over the entire visible spectrum. 
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Table 1.3: Energies corresponding to wavelengths in visible ( 400 - 700 nm) and UV ( < 
400nm) 
Wavelen h, nm 
50 
100 
200 
300 
400 
500 
600 
700 
Ener , eV 
24.82 
12.41 
6.20 
4.14 
3.10 
2.48 
2.07 
1.77 
In summary, the best choice of oxide with high transparency and conductivity is one 
with a large band gap, high mobility, and an acceptable number of charge carriers. The large 
band gap requires the use of an oxide that is an intrinsic insulator [8]. The large gap in oxides 
is attained by the low energy of the oxygen 2p orbitals that constitute the top of the valence 
band [9]. Additionally, to avoid optical absorption bands caused by intrashell transitions in 
the visible range, transition metal cations and rare-earth cations having d or f open-shell 
electronic configurations should be avoided [8]. For high mobility, a wide conduction band is 
necessary. This enters into the figure of merit for the transparent conducting films via the 
effective mass. A wide conduction band is consistent with smaller effective mass. In Figure 
1. 1, an energy, E, versus wave vector, K, plot is shown for the first Brillouin zone. The 
curvature of the function, or second derivative, is inversely proportional to the effective mass 
of the electron. For a wide conduction band, a large overlap between the relevant orbitals is 
required (4). This large overlap could be achieved in the case of oxides with heavy metal 
cations. These heavy metal cations have large spatial spreading of the s-type orbital. 
Overlaps may result from the expanded 5s or 6s orbitals present in heavy elements such as 
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Pb, Tl, and In [9]. In addition to the large overlap of orbitals, an appropriate crystalline lattice 
allowing for an extended conduction band is highly desirable. An ideal structure would 
possess a lattice made up of linear chains of edge-sharing polyhedra with no intervening 
oxygen atoms between neighboring cations in a given chain [8]. Short cation-cation distances 
allow for direct overlapping of vacant s orbitals and the formation of an extended conduction 
band. This extended conduction band, which improves mobility, is often referred to as an 
'electron highway' [8]. Although the edge-sharing polyhedra would offer an ideal structure, 
layered oxides with high conductivity in a given plane could also qualify, provided oriented 
films could be deposited. Finally, since the oxides being investigated are intrinsic insulators, 
the generation of charge carriers is a concern. The selected crystal structure must be able to 
accommodate n or p-type substitutional dopants, ionized interstitial dopants, or Schottky 
defects for charge carrier generation. 
-2IT!a -lIT/a 
>, 
(I.) 
C w 
OIT!a lIT/a 2IT!a 
Figure 1.1: Energy versus wave vector, k 
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1.2 Delafossites: Potential as Transparent Conductive Oxides 
1.2.1 Overview of Delafossite Structure 
The delafossite structure has the general chemical formula ABO2, with oxidation 
states of A+1, B+3, and 0-2. The coordination, and thus structure, of the ions in ABO2 
compounds with these oxidation states varies, falling the classes outlined in Table 1.4. 
Table 1.4: Coordination Classes for ABO2 Compounds [10] 
NaCl cubic 
a-LiF eO2 tetragonal 
a-NaFeO2 rhombohedral 
-N aF eO2 orthorhombic 
KF eO2 orthorhombic 
CuFeO2 Delafossite 
Rhombohedral or hexa onal 
The diversity of the structures can be partially understood by consideration of ionic 
radii and electrostatic forces [10]. A structure field map is given in Figure 1.2 for numerous 
examples. Of the structures types listed in Table 1.4, the most common are CuFeO2, a-
NaFeO2, ~-NaFeO2, and KFeO2. For the A-site, the smallest of the monovalent cations 
corresponding to the noble metals are in the lowest coordination (2-fold). For the first period, 
Li is quite small but does form the tetragonal a-LiF eO2 structure in 6-fold coordination. 
Continuing down the first period, Na prefers 6-fold coordination favoring the a-NaFeO2 
structure type. The largest of the first period cations, K, Rb, and Cs, go into 6-fold 
coordination forming the a-N aF eO2 
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Stability Map for AB02 Structures 
...,.........~----------------~ 1.1 
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Figure 1.2: Stability map for AB02 Compounds 
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structure type as well. However, for smaller B-site cations, 8-fold coordination is the most 
stable, forming the orthorhombic KFeO2 phase. In the case of smaller B site cations with a 
strong preference for tetrahedral coordination, 4-fold coordination for the B site cations 
becomes important. This coordination can be achieved provided the A ion can also adapt 4-
fold coordination. This results in the orthorhombic, wurtzite related, ~-NaFeO2 structure. An 
uncommon ABO2 structure is 'ordered NaCl' with AvIBVIO2VI coordination (ex. LiRhO2). In 
this structure, cations of different charges are ordered in separate sublattices, providing a 
reduction in electrostatic potential energy. In contrast, often times these A viB VI02 VI class 
compounds have the A and B cations ordered into separate layers along the < 111 > direction 
of the cubic NaCl-type pseudocell resulting in a hexagonal or rhombohedral structure [10]. 
For this work, interest lies primarily in the delafossite structure in the A 11B VI02 IV class. 
Additionally, the a-N aF eO2 structure in the A VIB VIO2 VI coordination class that the compound 
NainO2 forms is important to note, as this compound is an integral part of processing many 
Ag and Cu containing delafossites. 
The first delafossite compound discovered, CuF eO2, was first synthesized by Soller 
and Thompson in 193 5 [ 11]. Pabst later confirmed the mineral CuF eO2 to have the same 
structure [11]. Although the delafossite structure has been known for over 60 years, there is 
not an overwhelming amount of information in literature regarding its structure and 
properties. In the structure, the A and B atoms occupy alternating layers perpendicular to the 
c-axis (see Figure 3). The A atoms are linearly coordinated by oxygen atoms (2-fold). If the 
surrounding A atoms are also considered to be 'near neighbors,' then each A atom is at the 
center of a hexagonal bipyramid with oxygen atoms at the apices and A atoms at the 6 
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equatorial positions [ 1 O]. The B atoms, in octahedral interstices, are in 6-fold coordination 
with oxygen. One interesting structural feature of the delafossites is the departure of the 6-
fold coordination of the B-site from ideal octahedral symmetry. In all delafossites, the 
octahedrons are slightly flattened in the direction of the c-axis [12]. It has been suggested that 
this distortion arises primarily because of electrostatic repulsions between neighboring 
trivalent B ions [12]. Each oxygen is tetrahedrally coordinated by 4 cations, one A and 3 B. 
The oxidation states of the ions are A1\ B3+, and 0 2-. The structure is shown in Figure 1.3. 
• A 
OB 
~o 
Figure 1.3: Delafossite structure from Attili et al [ 13] 
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The B-site octahedra can be stacked in different ways along the c direction so the delafossites 
can crystallize in the hexagonal 2H(P63/mmc) or rhombohedral 3R (R3m) structures [14]. 
While the majority of the known delafossites are the rhombohedral type, some of the Cu-
containing compositions are hexagonal. However, the factors affecting which type is 
preferred are not fully understood at this time [14]. 
1.2.2 Overview of Delafossite Synthesis 
Synthesis of compounds with the delafossite structure can be complicated due to a 
number of factors. Oxides with a noble metal cation such as Ag, Pd, and Pt can be very 
difficult to prepare by solid state reaction due to the low free energies of formation of the 
binary noble metal oxides. The noble metal oxides used as reagents frequently decompose 
before the reaction can occur [15]. For example Ag20 decomposes in air at~ 183 °C. Such a 
low temperature will not allow solid state diffusion to become rapid enough to form a highly 
ordered delafossite structure [ 16]. Figure 1.4 is an Ellingham diagram for the noble metal 
oxides of interest for delafossite synthesis. It is clear from the diagram that the 
thermodynamic instability of the noble metal oxides complicates the processing of 
delafossites. Rogers and Shannon proposed 4 main methods for delafossite synthesis: solid 
state synthesis, metathesis, oxidizing flux, and hydrothermal reactions. For solid state 
reactions, they noted that only some of the Cu delafossites could be successfully synthesized 
at ambient pressures [ 16]. Typical reaction temperatures range from 700 °C to 1000 °C. 
However, essentially all of the delafossite phases can be synthesized via a solid state 
technique with the application of pressure. For example, both Pt and Pd phases have been 
successfully synthesized at temperatures ranging from 700 °C to 950 °C in sealed gold or 
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platinum tubes at pressures up to 3 kbars. The metathetical reactions have been quite 
successful in the case of Pd and Pt delafossites. These reactions involve an exchange of 
anions. Typically, a halide of the noble metal was reacted with a transition metal oxide in a 
sealed, silica tube at temperatures ranging from 500 to 700 °C. The halide salt by-products 
were removed by leaching with water [ 16]. Oxidizing flux reactions are successful for Ag 
delafossites. In this low-temperature method, AgN03 and KN03 fluxes were used under 
oxidizing conditions. For Ag delafossites, the AgN03 also acts as a reagent. This method also 
takes advantage of ion exchange with the removal of the remaining nitrates by leaching with 
water or alcohol [16]. Finally, hydrothermal reactions are carried out at high pressures 
( ~3000 atm) in thin-walled platinum or gold tubes at temperatures ranging from 500 °C to 
700 °C [16]. 
100 
50 
0 
-50 
cf 
0 -100 
7 -150 c 
(.') 
<l -200 
-250 
-300 
-350 
0 200 400 600 800 1000 
Temperature, K 
Figure 1.4: Ellingham diagram for key noble metal oxides 
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1.2.3 ElectronicTransport in Delafossites 
A model for the electronic structure of delafossites was developed initially by 
Shannon and Rogers with further modifications by Tanaka [17] [18]. As experimental results 
demonstrate, delafossites can exhibit both metallic and semiconducting behavior. In almost 
all cases, Ag and Cu delafossites are semiconducting while Pd and Pt delafossites are 
metallic in nature. Shannon and Rogers' model explains the behavior using molecular 
orbitals [17]. As an example, for the A-site in the delafossite structure (see Figure 1.5 for the 
coordination environment) the five degenerate 4d orbitals (dxy, dxz, dyz, d(x2-y2i, and d22) shown 
schematically in Figure 1.6 are split due to the influence of the crystal field. 
Q Oxygen 
e Silver 
Figure 1.5: Coordination environment for Ag in Ag delafossites 
Because the 4dz2 orbitals are directed toward the oxygen ions, the crystal field 
increases the energy such that the energy of the 4d22 orbital is close to the 5s orbital, resulting 
in hybridization. This model arises from Orgel's suggestion that linear bonding for d10 ions 
such as Cu+ and Ag+ involves hybridized wave functions from mixing of the 5s and 4d22 
atomic orbitals [17]. Orgel proposed that if the 5s and 4d22 orbitals are degenerate, there is no 
additional expenditure of energy to form the hybrid orbitals: ( 4d22 + 5s) and ( 4d22 -
17 
5s)(l9, 20). (Note that the electronic charge distribution placed in the (d22 - s) orbital is 
concentrated in the x-y plane while charge in the (d22 + s) is concentrated in the y-z plane.) 
Figure 1. 7 is a schematic of the 4d22 ± 5s hybridized orbitals. The remaining split orbitals, 
dxy, dxz, dyz, and d(x2-y2i, are doubly degenerate. Rogers and Shannon constructed a qualitative 
molecular orbital model that is consistent with the crystal chemistry and electronic properties 
of the delafossites. Simplified band diagrams based on the molecular orbitals for A +B3+ o/-, 
when A is either Pd or Ag, are shown in Figure 1.8. 
y z z 
X X y 
dyz 
y z 
X X 
Figure 1.6: Schematics of d orbitals 
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4~2-Ss 
Figure 1.7: Schematics of hybridized 4d22 ± 5s orbitals 
As stated previously, the oxygen is tetrahedrally coordinated by 1 A cation and 3 B 
cations. The oxygen orbitals are assumed to be sp3 hybridized, three of which bond with the 
B ions and one of which bonds with the A ions. The sp3 orbital shown in the molecular 
orbital diagram is weighted to account for the chemical formula (2 oxygens) [ 17]. The 
interaction of the oxygen orbitals with the silver wave-functions produce a bonding valence 
band and an anti-bonding conduction band. The four Ag orbitals of purely d-character and 
the d22 - s hybrid orbital are non-bonding in terms of the oxygen sublattice [17]. In the case of 
the PdCoO2 compound, the oxygen sp3 band has 12 electrons from the 2 oxygen atoms, one 
electron from the Pd1+ ion, and 3 electrons from the Co3+ ion. The electron configuration for 
Pd is 4d10 with the remaining 9 electrons filling up the 4d bands as shown in the figure. This 
results in a half-filled 4dz2- 5s band and metallic behavior. However, for the case of AgCoO2 
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Spx Spy [4] 
4d22+Ss [2] 
E1 - -----------Ep AgCo<Ji 
4d2 2-Ss ----------Ep PdCo<Ji 
4dxz 4dyz [4] 
4dxy 4dx2-y2 I [4] 
[16] 2 XO sp3 
Al+ 0 
Figure 1.8: Simple molecular orbital diagram for AgCo02 and PdCo02 
the electronic configuration of Ag is d10s1• This fills the 4dz2 - 5s band, placing the Fermi 
energy in the gap and resulting in semiconducting behavior. In the structure, if the A site 
ions are close enough such that there is considerable overlap of the dz2 - s orbitals, the 
formation of metallic bands can result. The metallic behavior of the Pd delafossite is also 
supported by considering the bond lengths. In FCC Pd metal, the Pd-Pd bond distance is 2.75 
A. This is very close to the delafossite PdCo02 Pd-Pd distance of 2.83 A. In the case of the 
Pd delafossite, the short bond length would provide considerable orbital overlap contributing 
to higher conductivity. It is important to remember that short bond lengths and large overlap 
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do not necessarily lead to metallic behavior. Although the metallic behavior in TiO is often 
explained based on the overlap between the close metal atoms, oxides such as ReO3, which 
are also metallic, do not have that type of direct overlap [19]. Also, in the case of AgCoO2 
there is considerable overlap but due to the number of electrons, it is insulating [ 19]. Table 
1.5 contains the bond length for Cu-Cu metal, Pd-Pd metal, and Ag-Ag metal as well as the 
bond lengths for the delafossites. 
Table 1.5: Bond lengths in metal and delafossites 
Metal A-A Delafossite A-A Ref 
distance, A distance, A 
Cu 2.56 CuAlO2 2.860 [20] 
CuScO2 3.216 [21] 
CuEuO2 3.631 JCPDS card 37-1356 
CuNdO2 3.714 JCPDS card 37-1358 
CuGaO2 2.856 [16] 
CuCrO2 2.975 [16] 
CuCoO2 2.849 [16] 
CuYO2 3.524 [20] 
Ag 2.89 AgAlO2 2.890 [16] 
AginO2 3.277 [16] 
AgFeO2 3.039 [16] 
AgScO2 3.211 [16] 
AgTlO2 3.568 [16] 
AgCrO2 2.984 [16] 
AgCoO2 2.873 [16] 
Pd 2.75 PdCoO2 2.830 [16] 
PdCrO2 2.923 [16] 
PdRhO2 3.021 [16] 
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Another concern related to Figure 1.8 is the magnitude of the band-gap. For 
applications where transparency is a concern, the band gap is an important parameter. The 
two gaps that are shown in the figure, E1 and £3 represent two different transitions. The E1 
gap arises from the splitting between the 4d22 + 5s and 4d22 - 5s orbitals. This transition 
normally causes a small absorption peak in the visible spectrum. E3 represents the direct 
transition from oxygen levels to the conduction band. It is believed that the overall 
transparency is determined by E3• Table 1.6 contains band gap data reported for AglnO2 and 
some Cu containing delafossites. In the table, the labels, E1 and £3, are speculations based on 
the band diagram in Figure 1.8. As expected from the description of the electronic structure, 
the electronic properties of the delafossites are highly anisotropic. Typical values of the 
conductivity perpendicular to the c-axis are 1 000X larger than the conductivity parallel to the 
c-axis [ 17]. A primary reason for this anisotropy is due to the intrinsic anisotropy of the 
mobility. Rogers and Shannon measured activation energies in Cu and Ag delafossites and 
observed an anisotropy in the values. Table 1. 7 contains their data on conductivity and 
activation energy for various delafossites, indicating the directional dependence. Using the 
assumption that the energy required for the generation of carriers should be independent of 
direction, they propose a non-activated mobility perpendicular to the c-axis and an activated 
mobility in the c-direction [ 17]. This is consistent with the higher conductivity in the basal 
plane where there is overlap and formation of a band. It is also consistent with the much 
lower conductivity in the c-axis direction. Conduction in the c-axis direction is most likely 
due to a polaron hopping mechanism [17]. 
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Table 1.6: Band gap data for selected delafossites 
Reported Gap, eV Reported Transition Transition Reference 
CuGaO2 3.60 E3 [22] 
CuAlO2 1.55 Indirect E1 [4] 
3.52 Direct E3 
CuCrO2 1.28 Indirect E1 [23] 
CuFeO2 1.15 Indirect E1 [24] 
3.35 Direct E3 
CuYO2 1.20 Indirect E1 [25] 
3.60 Direct E3 
AginO2 4.40 E3 [26] 
Table 1. 7: Anisotropy of conductivity and activation energies for selected delafossites from 
Shannon et al [ 17] 
PtCoO2 
PdCoO2 
CuCoO2 
CuFeO2 
AgFeO2 
cr II c-axis, Siem EA II c-axis, eV 
1 * 103 
4.8 * 102 
2 * 10-8 0.7 
3.3 * 10-4 0.23 
5 * 10-ll 0.8 
cr _le-axis, SI cm 
1.7 * 105 
5 * 105 
5 * 10-6 
5 *10° 
3.3 * 10-8 
1.2.4 Recent Research for Transparent Conducting Oxide Applications 
EA J_ c-axis, Siem 
0.2 
0.05 
0.7 
Delafossite ceramics are attractive as a candidate material for transparent conductive 
oxides primarily because of the potential for high conductivity and high transparency. 
Although the electronic properties are highly anisotropic, if the conductivity in the c-
direction can be increased, the average conductivity for a randomly oriented polycrystalline 
sample could be acceptable. Additionally, if films of high conductivity delafossites can be 
deposited as a single crystal with a preferred orientation, the anisotropy would be 
inconsequential. For the case of transmission, many Ag delafossites meet the requirement of 
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a band-gap (E3) larger than 3.0 eV. Figure 1.9 shows the transmissi_on results obtained by _ 
Hosono et al for Sn doped AginO2 films deposited by pulsed laser deposition. The two 
spectra shown in the figure correspond to 2 samples, one deposited for 75 minutes (solid line) 
and one deposited for 20 minutes (dashed line). The small absorption at ~ 700 nm 
corresponds to E1• The cut-off corresponds to E3• Finally, the decrease in transmittance at 
longer wavelengths is due to absorption by carrier electrons [27]. 
The Cu and Ag delafossites are currently being investigated both for use as 
transparent conductive oxides and as a potential source of p-type conductive oxides. A lot of 
the attention to the delafossites is warranted due to the potential for high conductivity. 
Additionally, there is great hope that transparent conducting delafossites can be designed to 
be p-type or n-type, offering the possibility for fabricating new pn junctions completely 
based on delafossite oxides [28]. 
Cu delafossites that have been investigated include CuFeO2 [24], CuA1O2 [4, 29, 30], 
CuGaO2 [22, 31 ], and CuinO2 [32]. The CuAlO2 and CuGaO2 compounds demonstrate 
intrinsic p-type behavior [4, 22, 29, 32]. The CuFeO2 and CuinO2 delafossites can be doped 
either porn-type [24, 33]. 
Conductivity and mobility of the Cu delafossites is generally lower than that of 
AginO2 as can be noted in table 8. In the case of each of the 4 above-mentioned Cu 
delafossites the temperature dependence of the conductivity (log cr proportional to 1/T114) 
indicates conductivity by a small polaron hopping mechanism [22, 29] [30, 33]. 
In addition to the Cu delafossites, Ag delafossites have also been investigated 
including AginO2, AgFeO2, AgNiO2, and AgCoO2. In contrast to the Cu delafossites and 
AginO2, the resistivity of AgNiO2 increases with increasing temperature, exhibiting metallic 
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Figure 1.9: Transmission spectra for AglnO2 films deposited by pulsed laser from Hosono et 
al [27] 
behavior [34]. Wichainchai et al propose a model where an antibonding conduction band 
formed by overlap of the oxygen 2p orbitals and the nickel eg-orbitals is split, forming two 
antibonding bands. One which is fully occupied and one that is empty. They suggest that the 
carriers may result from an overlapping of the bottom of the empty band with the 4d band of 
Ag [34]. This can be written as in Equation 1.8. 
Equation 1.8 Ag++ Ni3+ ¢::> Ag2+ + Ni2+ 
AglnO2 delafossite is semiconducting and can be doped n-type with Sn. There are no 
reported examples of successful p-type doping. The Sn:AglnO2 has the highest reported 
conductivity (73 Siem) of the semiconducting delafossites. 
The transmission results for the Cu and Ag delafossites are quite promising. Figures 
1. 10 - 1.13 show the transmission spectra for CuA1O2, CulnO2, CuGaO2, and AglnO2 films 
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deposited by pulsed laser (UV). All of the samples had high transmission (> 80%) in the 
visible range. Also inset in each figure, with the exception of CulnO2, are the plots of ( ahv )2 
versus hv for estimation of the direct band gap, and plots of (ahv)112 versus hv for estimation 
of the indirect band gap. 
Table 1.8: Conductivity and mobility data for Cu and Ag delafossites 
Conductivity Mobility Notes References 
Siem cm2/Vs PLD = pulsed laser deposition 
RF = RF sputter deposition 
AglnO2 1 * 10-5 --- RF sputtered films [28] 
AglnO2 73 --- 5% Sn doped, PLD film f28] 
AglnO2 ~ 6.0 0.47 5% Sn doped RF films [28] 
CuAlO2 0.095 10.4 PLD film [4] 
CuAlO2 0.34 0.13 PLD film [32] 
CuAlO2 ~ 0.17 10-3 [29] 
CuAlO2 0.05 0.9 [35] 
CuAlO2 2.0 0.5 CVD film [30] 
CuFeO2 ~ 8 0.1 Mg doped [241 
CuFeO2 ~ 1.0 * 10-4 10-6 Sn doped [24] 
CuGaO2 0.0056 --- [311 
CuGaO2 0.063 0.23 [22] 
CulnO2 0.0028 --- doped with cl+ [33] 
CulnO2 0.0038 --- doped with Sn4+ [33] 
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Figure 1.10: Transmission spectra for thin films of CuA1O2 from Hosono et al [31] 
Figure 1.11: Transmission spectra for CulnO2 thin films from Hosono et al [33] 
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Figure 1.12: Transmission spectra for thin films ofCuGaO2 from Hosono et al [31] 
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Figure 1.13 :Transmission spectra for thin films of Sn doped AglnO2 from Hosono et al [27] 
28 
1.3 Synthesis of Ag Containing Oxides 
As previously mentioned, synthesis of oxides with a noble metal cation such as 
Agln02 is complicated by the inherent instabilities of the noble metal oxide. The particular 
compound of interest in this study is the delafossite, Agin02. Therefore, in this section, the 
relevant techniques for the synthesis of Ag containing oxides will be reviewed. 
1.3.1 Solid State Methods 
Traditional ceramic processmg relies heavily on high temperature solid state 
synthesis. Although these high temperature methods often are problematic due to 
decomposition of the Ag oxide reagents, some compositions have been successfully 
synthesized. For example, AgNb03 and AgSb03 were synthesized using conventional 
methods, mixing Nb20 5 and Ag20 and calcining at temperatures ranging from 700 °C to 
1050 °C [36, 37]. Atmosphere conditions were either defined as 'oxidizing' or not defined at 
all. The resultant product was the desired phase and some Ag metal. In another case 
Ba2AgNbs01s (BAN) was synthesized using AgN03 as the source of Ag. Calcination was at 
900 °C in air with BAN as the resulting product [38]. 
Although the aforementioned examples resulted m successful synthesis of Ag 
containing oxides under somewhat easily achieved conditions (no high Po2 indicated), 
examples such as these are few in number. The difficulties associated with Ag containing 
reagents such as AgN03 and Ag20 lie in their decomposition at temperatures suitable to 
allow the diffusion required for solid state reactions. Even in the successful cases of AgNb03 
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and AgSb03, there were problems with the appearance of Ag metal. For this reason, alternate 
techniques must be explored and utilized. 
1.3.2 Metathesis, Cation Exchange, and Molten Salt Techniques 
In an attempt to understand the cation exchange reaction and the factors controlling it, 
it is appropriate to explore related techniques employing molten salts as reaction media and 
the ion exchange or metathesis methods. Metathesis reactions typically occur in solutions and 
utilize ion exchange according to Reaction 1.1. 
Reaction 1.1 (AX)sol + (BY)sol (AY)sol + (BX)sol 
Additionally, metathesis must result in a net change in the solution with ions leaving the 
solution. Generally, three processes lead to this removal and serve as the driving force [39]: 
1. Formation of a precipitate 
2. Formation of a soluable weak electrolyte (ionized in solution, conducting) or soluable 
non-electrolyte (not ionized in solution, non-conducting) 
3. Formation of a gas which leaves the solution 
The driving force of interest for metathesis techniques in oxide synthesis is the formation of a 
precipitate. 
One established method that employs metathesis reactions 1s the Solid State 
Metathesis method (SSM). This technique arose as a possible way to overcome the problem 
of diffusion-limited reactions. In a solid-solid reaction, most often high temperatures are 
utilized to overcome diffusion barriers and the resulting product or products are the 
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thermodynamically stable phase or phases [ 40]. SSM is similar to a technique developed by 
Soviet researchers over 30 years ago known as self-propagating high-temperature synthesis 
(SSH). SHS exploits the fact that very fine elemental powders can be ignited. If the heat of 
formation of the product is adequately exothermic, the evolved heat can rapidly drive the 
reaction to completion. It requires highly reactive solids and can be initiated by mixing, 
grinding, contacting a heated filament, or heating in a furnace [ 41]. Typically solid metal 
halides and alkali or alkaline-earth compounds are utilized for SSM reactions. The primary 
driving force is the formation of a highly thermodynamically stable alkali or alkaline-earth 
salt [ 41]. Therefore, the precursors are selected such that the reaction is highly exothermic, 
allowing the reaction to produce enough heat to become self-sustained [ 41]. Typically, the 
rapid reactions occur at temperatures up to 1000 °C and are completed in a matter of a few 
seconds [42]. At the temperatures reached in the reactions, the exchange takes place in the 
molten salts. This technique has been used to make numerous types of compounds including 
metal oxides, phosphides, sulfides, nitrides, and silicides [ 42]. 
The SSM technique is not a viable technique for Ag delafossite synthesis. First, the 
technique requires large enthalpies of formation. Additionally, the high reaction temperatures 
would present the same problems as solid state techniques. Since high temperature 
techniques are inherently problematic, an alternative route of synthesis would be a low 
temperature route. One such method, involving cation exchange in molten nitrates, has been 
used successfully for the A +B3+O2 compound (AglnO2) by Hosono et al [28]. In this method, 
a precursor, NaB3+O2, is first made using conventional solid state techniques. The NaB3+O2 is 
mixed with A+ salts like AgNO3, LiCl, CuCl, or LiNO3 or fluxes of AgNOiKNO3 and 
heated to temperatures ranging from 180 °C to 700 °C for many hours up to days at a time. 
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The Na+ ions exchange with the A+ ions in the salts leaving A+B3+O2 and a mixture of salts. 
The remaining salts are removed by rinsing with deionized water leaving the desired 
A +B3+O2. This method was successful for synthesis of AginO2, LiAlO2, LiGaO2, AgLaTiO4, 
and AgEuTiO4 [28] [43] [44]. Table 1.9 summarizes the results, conditions, and chemistry of 
these cation exchange reactions. 
For synthesis of Ag delafossites by cation exchange, the options for exchange with 
NalnO2 could include AgNO3, AgCl, or Ag2CO3 with melting temperatures of 210 °C, 455 
°C, and 218 °C respectively. The reactions and enthalpies of formation are given in 
Reactions 1.2-1.4. Note that since enthalpies of formation for ternary oxides are not prevalent 
in the literature, they were estimated from the additive sum of the enthalpies of the binary 
oxides for AglnO2 and NalnO2. 
Table 1.9: Summary of cation exchange reactions 
Reactants Tern erature Time Products Ref 
NainO2 + AgNO3 180- 200 °C 48 hours AginO2 + NaNO3 [28] 
NaAlO2 + LiCl 700°c 6-144 hours LiAlO2 + NaCl [43] 
NaGaO2 + LiNO3 300 °C 6-144 hours LiGaO2 + NaNO3 [43] 
NaLaTiO4 + AgNO3 250 °C 12 hours AgLaTiO4 + NaNO3 [44] 
NaEuTiO4 + AgNO3 250 °C 12 hours AgEuTiO4 + NaNO3 [44] 
Reaction 1.2 NalnO2 + AgNO3 AginO2 + NaNO3 ~HRXN -152 kJ/mol 
Reaction 1.3 Naln02 + AgCl Agln02 + NaCl ~HRXN -92 kJ/mol 
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Based only on the formation enthalpies associated with each of these reactions, 
AgNO3 is the best choice for the exchange reaction. This is found to be the reageant of 
choice in the literature. 
In addition to AgNO3, the addition of KNO3 is very common in the cation exchange 
reactions. The role of the KNO3 is not clear but it helps lower the melting temperature of the 
flux and allow for a liquid phase at temperatures far lower than the pure AgNO3. For 
example, the eutectic composition of 61 % AgNO3 - 39% KNO3 melts at 131 °C, far lower 
than the pure AgNO3 at 210 °C. The binary phase diagram for AgNO3 - KNO3 is given in 
Figure 1.14. 
In terms of the exchange reaction, the KNO3 is inert. First, in terms of ionic size, 
according to Shannon's data, Na1+ (VI) is 1.16 A being replaced by Ag1+ (II) at 0.81 A. 
Therefore, K 1+ (VI) at 1.52 A is not likely to fit within these structures. Additionally, Reaction 
1.5 gives a potential reaction and the estimated enthalpy of formation. With this positive 
enthalpy, the reaction is not favored at these lower temperatures. 
Reaction 1.5 ~HRXN + 53 kJ/mol 
Key parameters associated with the AgNO3:KNO3 flux are the ratio of KNO3 to 
AgNO3 and the amount of AgNO3 in relation to the amount of NainO2. First, the initial 
melting temperature of the flux is controlled by the ratio of the nitrates. Therefore, if a low 
33 
200 
150 
iiiiiill41iMi~-
Q, 20 
AgN09 
4·0 60 
Mot 0/o 
BO UXl 
KN05 
Figure 1.14: AgNO3 - KNO3 phase diagram 
reaction temperature is desired, the eutectic or peritectic compositions may be desired. The 
presence of excess AgNO3 can possibly assist in driving the reaction to completion by 
maintaining the chemical potential gradient throughout the reaction. The presence of excess 
AgNO3 has been found to stabilize the melt, preventing the formation of Ag metal [34]: 
Similarly, the presence of KNO3 has also been credited with stabilizing the melt and 
preventing the formation of Ag metal [ 14]. The mechanism behind this stabilization is not 
known. However, the formation of Ag metal might be related to decomposition of the 
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AgNO3. Although the decomposition of AgNO3 is 440 °C, this temperature can be modified 
in the presence of secondary phases [45]. 
NalnO2 is the precursor used for AglnO2 synthesis via the cation exchange method. It 
has the a-NaFeO2 structure, shown in Figure 1. 15, with space group R-3m and is an ordered 
version of the rock-salt structure. Layers of edge-sharing InO6 octahedra and edge-sharing 
NaO6 octahedra alternate along the [111] direction [41]. NalnO2 and AglnO2 are similar in 
that they are both layered compounds, they both share the same space group and the both 
have the same coordination environment for In. The main difference is the replacement of Na 
in 6-fold coordination with Ag in 2-fold coordination. During the exchange, the 
transformation from NalnO2 to AglnO2 results in a significant volume change. NalnO2 has a 
hexagonal cell volume of 147.27 A3, while AglnO2 has a hexagonal cell volume of 175.54 
A3. This results overall in a~ 16% volume increase. 
Ion exchange reactions in an aqueous exchange medium have been studied 
extensively for exchangers such as zeolites, micas, and hydrous oxides. The structures of 
these materials include interconnected cages, channels or layers through which ion transport 
is easily accomplished [46]. The kinetics and thermodynamics for these exchanges are fairly 
well understood and should be applicable to the Ag delafossite exchanges. However, in these 
system, there is not a structural transformation occurring ( delafossite exchange takes A vi 
An). 
From a thermodynamic standpoint, exchange will be favored with ions of comparable 
size or in structures that are expandable (i.e. layered). The charges on the ionic species do not 
necessarily have to be identical provided ion vacancies can be created. The extent to which 
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a-NaFeo2 ~~~>: , 
Figure 1.15: a-NaFeO2 structure from Blesa et al [47] 
an exchange reaction goes to completion is dependent upon the concentration gradient of in-
going versus outgoing ions and on the equilibrium constant which takes into account the 
ability for the ions to travel through the structure [ 46]. 
The kinetic theory of ion exchange was developed by Boyd et al in 194 7 [ 48] and was 
further developed by Reichenberg in 1953 [49]. The rate determining step in the process was 
determined to be diffusion, provided there was an excess of highly concentrated, well-mixed 
exchange media present. For spherical particles with radius, r, and a fixed fraction of material 
that has been exchanged, the theory predicts a relationship between the chemical 
interdiffusion coefficient for the incoming and outgoing ions, Di, and the exchange time, t. 
Equations 1.8, 1.9 and 1. 10 show the relationship [ 46]. 
Equation 1.8 
Equation 1. 9 
Equation 1.10 
(-~HmJ Di = Dio exp kT 
f = F(t) 
F(oo) 
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1t2Di 
where B = - 2-. r 
In these equations, ~Hm is the enthalpy change for a mixed ion jump, F(t) is the fraction 
exchanged at some time t, and F( oo) is the equilibrium extent of the exchange (i.e. the 
fraction exchanged after infinite time). 
It is worth noting that F( oo) is not necessarily unity. It represents the entire extent of 
reaction as reactions do not always go to completion. It is dependent on the thermodynamic 
factors described previously [ 46]. Based on Equation 1. 10, a large interdiffusion coefficient 
coupled with small solid particles favors a rapid exchange [ 46]. 
The interdiffusion coefficient is a strong function of the enthalpy change of a mixed 
ion jump, ~Hm. This enthalpy is a function of electrostatic, elastic and structural terms. The 
geometric term is defined by the 'bottlenecks' that the ion must go through to get from one 
site to the next [ 46]. In close-packed structures, a large activation energy may be required for 
an ion to squeeze through the structure framework. In layered structures, such as NainO2, the 
structure is more easily expanded compared to a 3-dimensional framework structure such as 
spinel [ 46]. 
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With regard to synthesis of AglnO2 by cation exchange, the technique involving 
NalnO2 as the precursor and AgNO3/KNO3 as the flux is a viable technique based on the 
preceeding discussion. The layered NalnO2 structure is easily expandable so the size 
mismatch of Ag+ and Na+ is less of an issue. Additionally, the ions are of identical charge. 
Finally, the volume change that occurs when transforming from NalnO2 to AglnO2 could 
possibly assist the reaction by causing particles to break up which may be helpful for a 
diffusion-limited reaction. 
1.4 Project Objectives 
The primary objective of this research was to investigate the synthesis of AglnO2. To 
that end, solid state techniques as well as cation exchange were explored. For solid state 
techniques, variations on starting materials and temperatures were attempted. The majority of 
the work focused on cation exchange and the factors affecting the reaction. Optimization of 
conditions for synthesis was a primary goal. However, gaining an understanding of the 
important parameters that affect the reaction was an emphasis as well. This included 
exploring the effect of temperature, time, and flux compositions. 
Once optimization conditions for synthesis of single phase AglnO2 were determined, 
the electronic properties of bulk samples were explored. Additionally, both p- and n-type 
doping were attempted. The synthesis of doped samples was investigated and optimum 
conditions were determined. Finally, the electronic properties of the doped samples were 
characterized. 
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CHAPTER 2. EXPERIMENTAL PROCEDURE 
2.1 Processing of Agln02 
2.1.1 Overview 
The principal difficulty in processmg Agln02 lies in the presence of Ag as a 
constituent. Oxides with noble metal cations are very difficult to prepare by solid state 
reactions due to the low free energies of formation of the simple noble metal oxides. The 
noble metal oxides used as reagents frequently decompose before the reaction can occur ( e.g. 
Ag20 decomposes in air at ~ 183 °C) (17). The enthalpies of formation, given in Table 2.1, 
further demonstrate the difficulty in the case of Ag, which has a much lower enthalpy of 
formation than Cu or even Pd. Such a low temperature will not allow solid state diffusion to 
become rapid enough to form a highly ordered delafossite structure. Further complications 
arise from the high vapor pressure of Ag, and the low decomposition temperature of the 
AgN03 precursor, resulting in the presence of Ag metal in the reaction products. However, 
Hosono et al have successfully made Agln02 using a low temperature cation exchange 
procedure, exchanging Ag in AgN03 with Na in Naln02. In this research, synthesis was 
attempted by 2 methods, solid state synthesis and cation exchange. 
Table 2.1: Enthalpies of formation for noble metal oxides 
Reaction 
2Ag + 02 2Ag20 
4Cu + 02 2Cu20 
2Pd + 02 2Pd0 
~Hr, kJ/mol 
-62.2 
-346.4 
-231.0 
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2.1 .2 Method 1: Solid State 
Solid state syn_thesis was attempted using In2O3 and Ag2O or AgNO3 as reactants 
according to Reactions 2.1 and 2.2. 
Reaction 2.1 
Reaction 2.2 
2AgNO3 + In2O3 2AglnO2 + 2NOx 
Ag2O + In2O3 2AglnO2 
(in flowing 02) 
(in flowing 02) 
The reactants were weighed out in amounts for stoichiometric AglnO2. For AgNO3 
batches, the reactants were mixed by mortar and pestle. For Ag2O, the reactants were ball-
milled in ethanol for 16-18 hours. The AgNO3 batches were calcined for 6 hours at 800 °C, 4 
hours at 850 °C, or 2 hours at 900 °C in flowing O2(g)• The heating rate was 10 °C/min. The 
cooling rate was 5 °C/min. The Ag2O batches were reacted at 850 °C, 950 °C, or 1050 °C in 
flowing 0 2 for 6 hours. The heating and cooling rates were 5 °C/min and 10 °C/min 
respectively. 
2.1.2 Method 2: Cation Exchange 
The cation exchange reaction requires NalnO2 as a reactant. NalnO2 was synthesized 
via solid state techniques. Typical batch sizes were 100 g. In2O3 and Na2CO3 were weighed 
out for stoichiometric NalnO2 according to Reaction 2.3. The reactants were ball-milled in 
ethanol for 16-18 hours. The well-mixed powder was calcined at 850 °C in flowing O2(g) for 
12 hours in Ah03 boats. Prior to cation exchange reaction, the NalnO2 was ball-milled again 
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in ethanol for 16-18 hours to reduce particle size. The basic cation exchange reaction is given 
in Reaction 2.4. 
Reaction 2.3 (in flowing 02) 
Reaction 2.4 NalnO2(s) + AgNO3(s) AglnO2(s) + NaNO3(s) 
In order to gain an understanding of the important parameters affecting the exchange 
reaction, processing conditions were varied as follows: 
1. KNO3 was added to act as a flux in various concentrations with AgNO3, forming a 
molten nitrate mix with varied melting temperatures. 
2. The ratio of AgNO3 to NalnO2 was increased beyond stoichiometry to help drive the 
reaction to completion. 
3. The temperature was varied. 
4. The length of time for the reaction was varied. 
5. Prior to the exchange, the nitrates were dissolved in water and thoroughly mixed with 
the NalnO2 to facilitate better mixing. 
6. The crucible was covered to prevent the decomposition of AgNO3 and the formation 
of Ag(m)• 
An outline of the process variations appear in Figure 2.1 on the following page. 
Cation 
Exchange 
Nitrates dissolved in 
water for better mixing 
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Figure 2.1: Outline of procedure for process variation 
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The procedure used for making nearly single phase AglnO2 involved a 
NalnO2:AgNO3:KNO3 ratio of 1: 10:6. The nitrates were mixed with a mortar and pestle. 
NalnO2 was placed in the bottom of a porcelain crucible and the nitrate mix was added on 
top. The crucible was heated in air to 275 °C and allowed to soak for 48 hours. After the 
exchange reaction, the excess nitrates were removed by leaching with deionized water. 
2.1.3 Doping on B-site 
Doping the B-site of AglnO2 was accomplished via the precursor compound NalnO2. 
For n-type doping, Sn4+ was substituted for the In3+ by incorporating SnO2 in the reaction as 
shown below for 2.5% Sn4+ on In3+: The remainder of the procedure for processing was the 
same as previously described. 
Reaction 2.5 
For p-type doping, ca2+, Ni2+, or Zn2+ were substituted for the In3+. The doping was 
accomplished via the precursor compound NalnO2 according to the following schemes. The 
remainder of the processing procedure remained the same as described above. 
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2.2 Characterization of the Powder 
2.2.1 X-ray Diffraction 
Bulk powders were characterized primarily by X-ray diffraction. This allowed the 
determination of phases present and to an extent, the relative amounts of those phases. A 
Scintag diffractometer, with Cu-Ka radiation (A= 1.540562), was used for all x-ray scans. 
The scans typically varied 20 from 15 ° to 65 ° with a scanning rate of 2 degrees per minute 
and a step size of 0.0025 degrees. 
Attempts at quantitative analysis were used to estimate the relative amounts of 
phases. For this work, the extent of reaction is defined as the percentage of Na exchanged for 
Ag. For example, if quantitative data indicates that 75 wt. % of the sample is AglnO2, then 
the extent of reaction is 0.75, with 25% of the NalnO2 remaining. In order to obtain 
acceptable quantitative information from the samples, two different techniques, the internal 
standard method and the external standard method, were used to verify consistency. 
For the external standard method, a calibration curve was generated by preparing a 
series of samples with known weight fractions of single phase NalnO2 and nearly single 
phase AglnO2. Although the AglnO2 contained a small amount of Ag metal, the resulting 
calibration curve allows determination of the weight fraction of NalnO2, as long as pure 
NalnO2 was used in the composite sampl1~s. For the calibration curve, the ratio of the 
integrated intensity for a well-defined peak of the composite sample (usually the 100% peak, 
in the case of N alnO2, the ( 104) peak was used) to the integrated intensity of the same peak 
for a sample of pure NalnO2 was plotted versus the weight fraction of NalnO2. A best fit of 
the data was determined and the equation for the fit was used to determine the weight percent 
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of NainO2 in the experimental samples. In the external standard method, the best fit is not 
necessarily linear and depends on the difference in the mass absorption coefficients for the 
phases present in the sample. The presence of the Ag metal should not have influenced the 
results because it affects the integrated intensities of the NainO2 and AginO2 in the same 
proportion [ 5 0]. 
For the internal standard method, AhO3 (corundum) was used. A calibration curve 
was generated by preparing composite samples with a fixed weight fraction of AhO3 and 
varying weight fractions of NainO2. This resulted in a linear relationship when plotting the 
ratio of the integrated intensity of the (104) peak ofNainO2 to the integrated intensity of the 
100% peak of AhO3 versus the weight fraction of NainO2 in the sample. Once the linear 
equation was determined by fitting the data, the amount of N ainO2 in any sample can be 
determined provided the standard is added at the same weight fraction as in the calibration 
samples. This technique relies on the fact that variations in absorption due to the presence of 
the other phases, i.e. AginO2 and Ag metal, have no effect on the intensity ratio of the 
NainO2 to AhO3 since they affect both intensities in the same proportion [50]. The 
motivation behind using NainO2 for the quantitative data lies in the difficulty of obtaining 
completely single phase AginO2. 
A third method of semi-quantitative analysis by x-ray diffraction, based on the direct 
comparison method, was also employed [50]. In this method, the ratio of the integrated 
intensity for the (104) peak in NainO2 to the integrated intensity of the (012) peak is plotted 
against variables of interest to gain information on a trend of increasing or decreasing 
amounts of the phases. Although this method does not provide absolute values for the weight 
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fractions, it does provide valuable information on the way variables affect the extent of the 
cation exchange reaction. 
2.2.2/CPMS 
Inductively Coupled Plasma Mass Spectroscopy (Finnigan Elment) was used for 
chemical analysis of selected powders. Standard calibration curves were completed using 
Ag107, In115, and Na23 isotopes. The powders were dissolved in 0.5 mL of 50% concentrated 
HNO3, and then diluted 20 fold to serve as a stock solution. From the stock solution, 0.1 mL 
was diluted 10 fold for the analysis. Analysis included determination of the concentration of 
Ag, In, and Na. The Na was assumed to be from NainO2. The AginO2 was determined from 
the difference between In and Na. The silver was determined from the difference between 
AginO2 and Ag. 
2.3 Pellet Preparation 
In order to characterize the electronic properties of the samples, 1/2" diameter pellets 
were required. Powders were pressed using 1/2" diameter steel dies. Samples were uniaxially 
pressed at 2500 psi. Next, the formed samples were further pressed using a cold isostatic 
press at 20,000 psi. No binder was used because of concerns over the binder burnout process. 
The samples were sintered at 500 °C in flowing 0 2 for 24 hours as recommended by Hosono 
[28]. 
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2.4 Characterization of Pellets 
2. 4.1 Density 
The density of the pellets was determined by Archimedes principle with kerosene as 
the fluid [ 51]. 
2. 4. 2 X-ray Diffraction 
X-ray diffraction was used to insure the phase stability of the AginO2 under the 
sintering conditions. 
2.5 Electronic and Optical Properties Characterization 
2.5.1 Bulk Samples 
The bulk samples were characterized for electronic properties. For resistivity 
measurements, the top and bottom surfaces of the pellet were coated with either In/Ga 
eutectic compound or colloidal silver. Resistivity was measured using a standard multimeter 
(2 wire technique) over temperatures ranging from room temperature, ~ 25 °C, to 180 °C. A 
schematic of the set up is given in Figure 2.2. Additionally, for samples with sufficiently high 
conductivities, a Hall mobility set-up was used to gain room temperature resistivity, mobility, 
the Hall mobility coefficient, and carrier concentration. The pellet was prepared by placing 
spots of In/Ga eutectic compound on the outer edge of the pellet at spacings 90 ° part from 
each other. These served as contacts for the 4-wire Hall set-up. Additionally, room 
temperature resistivity was determined by the vanderPauw technique. A schematic of the set-
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up 1s given m Figure 2.3. Finally, thermoelectric power measurements were used to 
determine the Seebeck coefficient to verify for nor p type behavior. 
a 
Sample fixed between two conducting disks 
Pellet electroded with In/Ga paste or colloidal Ag 
b 
Figure 2.2: a) Schematic of 2-probe resistivity measurement 
b) Enlarged view of pellet and contacts 
n meter 
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B 
In/Ga contact 
A 
Figure 2.3: Contact points for van der Pauw conductivity measurements 
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CHAPTER 3. PROCESSING RESULTS AND DISCUSSION 
The results of the solid state synthesis techniques quickly indicated the necessity for a 
low temperature route. The cation exchange method was mostly successful but much more 
complicated than originally anticipated. For that reason, a detailed study of the parameters 
affecting the cation exchange reaction was required. The results from the various methods 
used are outlined in the following section. 
3.1 Method 1: Solid State 
Method 1 involved an attempt at conventional solid state ceramic processing. There 
were two versions attempted, one with AgNO3 as the source of Ag and one with Ag2O as the 
source for Ag. The intended reactions are given in Reaction 3.1 and 3.2. 
Reaction 3 .1 
Reaction 3.2 
Both reactions were carried out in flowing 0 2. In the case of the AgNO3 version, the 
products of the reaction were the same for calcination temperatures ranging from 800 °C to 
900 °C. In each case, In2O3 and Ag metal were the result, with no AglnO2 present. The 
reaction with Ag2O at temperatures ranging from 850 °C to 1050°C yielded the same results. 
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A typical X-ray diffraction patterns is given in Figure 3.1. Shown below the experimental 
results are the patterns for Ag metal (JCPDS # 41-1402) and In2O3 (JCPDS # 73-1809). 
The lack of success found with the solid state method was not unexpected. The work 
of Shannon et al indicated that solid state synthesis of Ag-containing delafossites was 
unlikely [ 16]. As previously discussed, the thermodynamics do not favor the formation of Ag 
as a constituent of an oxide at ambient pressure. This is in contradiction to the AgNbO3 solid 
state techniques mentioned in Chapter 1. A possible explanation is that AgNbO3 must be a 
more stable compound than AglnO2• In all cases for solid state reaction in this work, the end 
result was Ag metal and In2O3. It is possible that with higher oxygen partial pressures, the 
desired reaction could be achieved. However, the equipment necessary for high-pressure 
reactions was not available. For that reason, the low temperature cation exchange technique 
was seen as a viable alternative. 
3.2 Method 2: Cation Exchange 
Method 2 is the cation exchange technique described in Chapter 1. Numerous 
variations within this technique were attempted in an effort to determine the key parameters 
affecting the reaction. The overall goal was single phase AglnO2• The 2 main products 
resulting from the exchange reaction were AglnO2 and Ag metal. Unreacted NalnO2 was also 
present in many instances. Key x-ray diffraction patterns are shown. The analysis of the 
results focuses on the degree to which the exchange occurred as a function of the variables 
described in Chapter 2. 
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Figure 3.1: (a) X-ray diffraction pattern shown for reaction between Ag2O and In2O3 (b) Ag 
pattern from JCPDS #41-1402 ( c) In2O3 pattern from JCPDS # 73-1809 
The primary method used for quantitative analysis was through x-ray diffraction 
techniques. Due to the difficulty associated with accurate quantitative analysis, the results 
interpreted are merely estimates and systematic error analysis is difficult. As an example to 
illustrate the difficulty in the measurements, the results for the extent of reaction (percent 
delafossite formed) for reactions at 275 °C for specific batches with varying KNO3 : AgNO3 
ratios are given in Figures 3.2 using two different methods. In the figure, the X-axis 
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represents the percent of delafossite formed as determined using the internal standard method 
with a calibration curve generated from standard composite samples consisting of known 
amounts of NalnO2 and a constant concentration of the internal standard, AhO3. Based on 
this calibration curve, the weight percent of NalnO2, and thus AglnO2 should be able to be 
determined from an unknown sample with AhO3 at concentrations equal to those of the 
synthetic composite samples. The Y-axis represents the external standard method of 
calibration. Composite samples of AglnO2 and NalnO2 in varying known amounts were 
prepared and x-ray diffraction data was collected. The ratio of the integrated intensities of the 
(104) peak for NalnO2 in the composite samples to that of pure NalnO2 was plotted as a 
function of the known NalnO2 weight percent. The two methods were used to serve as a 
verification of the results. In the figure, the line represents consistency or perfect agreement 
between the two methods. As can be noted in the figure, there is a rather large discrepancy 
between the 2 interpretations. It is possible that the discrepancy may be due to large 
variations in the degree of crystallinity (i.e. particle size) from one batch to the next. For that 
reason, instead of quantifying the relative amounts of phases, the direct comparison method 
was employed in an attempt to illustrate trends simply by comparing the ratio of the 
integrated intensities of the (012) peak for AglnO2 and the (104) peak for NalnO2 under 
varying synthesis conditions. 
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Figure 3.2: Comparison of calibration methods used for quantitative analysis by x-ray 
diffraction 
3.2.1 Synthesis of Naln02 
The synthesis ofNaln02 was accomplished via a solid state reaction between Na2C03 
and In203 according to Reaction 3 .3. The reaction was carried out in flowing 0 2 at 850 °C for 
12 hours. The result was single phase Naln02 with no unidentified peaks appearing in the 
pattern. The x-ray diffraction pattern is given in Figure 3.3. 
3.2.2 Synthesis by Exchange with AgN03 
Cation exchange was attempted with Naln02 and AgN03. For stoichiometric amounts 
ofreactants, as in Reaction 3.4, the extent of the reaction was small with a significant amount 
ofNaln02 remaining unreacted. The resultant products were Agln02 and traces of Ag metal 
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Figure 3.3: (a) pattern for Naln02 from JCPDS # 24-1037 (b) x-ray diffraction pattern for 
Naln02 by solid state reaction 
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Reaction 3.3 
Reaction 3 .4 at 205 °C in air 
in addition to the unreacted NainO2• The x-ray diffraction pattern is given in Figure 3.4. 
Based on integrated peak intensities, the majority of the product is AginO2• 
In addition to a stoichiometric mixture of the AgNO3 and NainO2, batches were 
attempted with excess AgNO3 in an attempt to drive the reaction further. The amount of 
excess nitrate was as high as ten-fold. With the excess, the extent of reaction did proceed 
further but still did not result in single phase AginO2 after 48 hours. In Figure 3.5, x-ray 
diffraction patterns are given for a stoichiometric reaction and a reaction with AgNO3 in 
excess 10-fold. Apparent in the figure are greater intensities for the AginO2 peaks and lesser 
intensities for the NainO2 peaks. Therefore, the effect of excess AgNO3 is to drive the 
reaction further, increasing the extent of the reaction. 
Temperature effects were also investigated for the reaction. Higher reaction 
temperatures resulted in a more complete exchange and sharper, better-defined peaks. This is 
illustrated in Figure 3.6 where the diffraction patterns are given for reactant compositions of 
10AgNO3 : 1NainO2 at 205 °C and 7 AgNO3 : 1NainO2 at 275 °C. The synthesis of single 
phase AginO2 by the cation exchange reaction was not successful when using only AgNO3. 
Although the addition of excess AgNO3 did increase the extent of reaction, a complete 
exchange was not achieved, even at the higher temperatures. The next step was to study the 
effect of the presence of KNO3 in the molten flux. 
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Figure 3.4: (a) x-ray diffraction pattern for stoichiometric attempt at cation exchange (b) 
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3.2.3 Cation Exchange with KNO3 and AgNO3 
Following the method by Hosono et al [28], the next phase in synthesis involved the 
addition of KNO3 to the AgNO3 flux. Initial attempts were made using identical conditions as 
in Hosono' s reference [28] in an effort to duplicate their results. Their procedure called for a 
KNO3:AgNO3:NainO2 ratio of 1: 1.5: 1.5 at 200 °C in air for 48 hours. However, single phase 
AginO2 was not obtained under these conditions. As before, there was a significant amount 
of unreacted NainO2 and small amounts of Ag metal. The x-ray diffraction pattern is given in 
Figure 3.7. As can be noted in the figure, there is a significant amount of unreacted NainO2 
remaining in the samples. Due to these inadequate results, further study of KNO3:AgNO3 
ratios was required. 
The study of the effect of the KNO3 : AgNO3 ratio was completed at 2 temperatures, 
205 °C and 275 °C. This provided information on the effect of temperature as well. The 
compositions of some of the nitrate mixes used are shown in the phase diagram in Figure 3.8 
based on the% of KNO3 prior to the reaction. However, the ratio of the molar quantity of the 
nitrate mix to the molar quantity ofNainO2 varied. 
Individual x-ray diffraction patterns were obtained for all samples. The integrated 
intensities for the 100% peaks were obtained for as many samples as possible. In some cases, 
especially for samples with small extent of exchange, the integrated intensity for the 100% 
peak for AginO2 (012) was impossible to determine. This difficulty arises because the peak is 
very near the (101) peak for NainO2 causing a combination of the peaks. This problem of 
deconvolution of the two peaks occurred primarily in the 205 °C samples. 
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The results for the ratio of the integrated intensities of the (104) peak in NalnO2 to the 
(012) peak in AglnO2 versus percent KNO3 in the flux for reactions at 205 °C are given in 
Figure 3 .9 ( or Table 3 .1 ). The lack of data points for the reaction at 205 °C is attributed to the 
deconvolution problem mentioned previously. Figure 3.10 (or Table 3.2) gives the results for 
the integrated intensity ratios for reactions at 275 °C. 
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Figure 3.9: Integrated intensity ratio for (104) peak in NalnO2 to (012) peak in AglnO2 
versus percent KNO3 in molten flux for reactions at 205 °C 
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Figure 3.10: Integrated intensity ratio for (104) peak in NalnO2 to (012) peak in 
AglnO2 versus percent KNO3 in molten flux for reactions at 275 °C 
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Table 3.1: Integrated intensity ratios for (104) peak in NainO2 to (012) peak in AginO2 for 
varying percent KNO3 
Percent KNO3 
20 
38 
40 
0.8375 
0.3631 
0.217 
Table 3.2: Integrated intensity ratios for (104) peak in NainO2 to the (012) peak in AginO2 
for varying KNO3 concentration in the flux 
Percent KNO3 
15 
17 
20 
25 
38 
48 
60 
0.0336 
0.0286 
0.2120 
0 
0.2639 
0.1575 
0.0511 
For the reactions at 205 °C, there are not enough data points to establish any sort of a 
trend. The most complete exchange occurred at 40% KNO3. The eutectic composition in the 
AgNO3 - KNO3 phase diagram is very near to 40% KNO3 and has a melting temperature of 
131.6 °C. The 20% KNO3 resulted in very little exchange. This composition has a melting 
temperature that is much higher. However, it is important to note that the percent KNO3 in 
the flux that is (listed in Table 3.2) plotted in Figure 3.9 represents the starting composition. 
As the exchange reaction proceeds, the molten flux consists of AgNO3, KNO3, and NaNO3 
with a composition that is changing. Figure 3 .11 shows the ternary phase diagram for 
AgNO3 - NaNO3 - KNO3 represented isothermally (at 205 °C). In the figure, the starting 
compositions are listed along the KNO3 - AgNO3 join. For each composition, an arrow 
points to the ending composition, assuming a full exchange. X2, X3, and X5 represent the 
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compositions given in (Table 3.2) Figure 3.9. X 1 and~ are compositions that exhibited very 
poor exchange. The starting composition with the best exchange (as indicated by x-ray 
diffraction results) is 40% KNO3 represented by X2. In comparing the ending point for X2 
with the other compositions, it appears that part of the lack of exchange may be due to the 
necessity of crossing the liquidus for a complete exchange. In other words, there is 
solidification of the melt prior to achieving a final composition based on a complete 
exchange. However, not all of the points on the phase diagram support this notion. The 
primary offender is the 3 8% KNO3, X3 composition. The final composition point is far into 
solid NaNO3 primary phase field, indicating a mix of liquid and solid NaNO3. The results 
from the integrated intensity ratios indicate that X3 at 38% KNO3 and X 1 at 48% KNO3 
resulted in the poorest extent of exchange. There is no information gained from the phase 
diagram as to why exchanges were poor in the intermediate KNO3 range. 
For the reactions at 275 °C, the general trend for the ratio of the integrated intensity is 
that they decrease at low and high concentrations of KNO3. A decreasing ratio of the (104) 
peak in NalnO2 to the (012) peak in AglnO2 indicates decreasing NalnO2 and increasing 
AglnO2 or a greater extent of reaction. On the AgNO3 - KNO3 phase diagram, as 
compositions move from intermediate concentrations of KNO3 to lower and higher 
concentrations, the melting temperature increases. Therefore, the data possibly indicates a 
better exchange with nitrate compositions with higher melting temperatures. However, it 
should be noted that many of the integrated intensities for NalnO2 for reactions at 275 °C 
were very small and error would have an effect on these results. Also noted by the 
compositions on the phase diagram is the effect of the larger amount of AgNO3:NalnO2 ratio. 
X1 48%KNO3 
X2 40% KNO3 
X3 38%KNO3 
X4 25% KNO3 
X5 20%KNO3 
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Figure 3.11: Isothermal ternary phase diagram at 205 °C for AgNO3 - KNO3 - NaNO3 
with starting and ending nitrate compositions shown ( assuming a full exchange) 
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Figure 3.12: Isothermal AgN03 - KN03 - NaN03 ternary phase diagram at 275 °C with 
starting and ending nitrate compositions shown ( assuming a full exchange) 
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The reactions that had the highest extent of exchange also had the highest amount of molten 
AgNO3. 
An isothermal ternary phase diagram for 275 °C is given in Figure 3.12. In the figure, 
the starting nitrate compositions are indicated along the AgNO3 - KNO3 join. These starting 
compositions point toward the ending compositions, assuming a full exchange. The liquid 
phase field is quite expansive when compared to the isothermal diagram at 205 °C. In 
contrast to the reactions at 205 °C, none of the nitrate compositions shown for 275 °C 
terminate in the primary NaNO3 phase field or the primary KNO3 phase field. 
In an attempt to verify the trend of greater extent of exchange at lower and higher 
KNO3 concentration, ICPMS was used to analyze some of the samples. The results are given 
in Table 3 .3. The results are not in agreement with the trend exhibited by the integrated 
intensity. The low and high KNO3 concentration samples do not show the higher extent of 
reaction expected from the results shown by the integrated intensity data. 
Most of the data presented thus far has been for a reaction temperature of 2 7 5 
°C. The trends at lower temperatures appear to be similar but it is more difficult to determine 
due to smaller extents of reaction and the difficulty in separating the delafossite peaks from 
the NainO2 peaks to determine integrated areas. There is a marked difference between the 
reactions at 275 °C and 200 °C. The higher reaction temperature almost always resulted in 
high intensity, well-defined peaks. Figure 3.13 shows a comparison of the available 
integrated intensity ratios at the two temperatures. In the figure, the smaller vertical bar 
indicates a larger extent of exchange. 
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Table 3.3: ICPMS results for weight percentage of Na, In, and Ag for reactions at 275 °C 
with varying KNO3 concentration in the flux and estimated weight percentages of the phases 
based on the ICPMS results are also shown 
% Wt.% Wt.% Wt.% Estimated Wt.% Estimated Wt. Estimated 
KNO3 Na In Ag NainO2 % AginO2 Wt. %Ag 
15 2.71 53 .96 43.33 ~ 17 ~78 ~ 5 
16.7 2.46 48.97 48.56 ~ 16 ~72 ~ 12 
20 5.45 58.45 36.10 ~ 35 ~60 ~ 5 
25 2.09 51.77 46.14 ~ 13 ~ 80 ~ 6 
38 1.39 50.38 48.23 ~ 9 ~84 ~ 7 
48 4.57 56.67 38.76 ~29 ~ 65 ~ 6 
60 2.85 54.55 42.60 ~ 18 ~ 78 ~ 4 
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Figure 3 .13 : Comparison of the ratio of the integrated intensities of the ( 104) peak for 
NalnO2 to the (012) peak for AglnO2 versus percent KNO3 in the molten flux: 205 °C is 
represented by the black bars and 275 °C is represented by the gray bars 
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In Figure 3.13, the integrated intensity ratios are lower for the 275 °C reaction 
temperature at the given KNO3 concentrations. At 20% KNO3, there is a very large 
difference in the integrated intensity ratio at 275 °C and 205 °C, with the higher temperature 
resulting in more than twice that of the lower temperature. At higher concentrations of KNO3 
the difference is less severe. The smaller values of the integrated intensity ratios at 275 °C 
are not unexpected as the higher reaction temperature assists in the kinetics of the exchange. 
To better illustrate the difference in the extent of the reactions, the actual x-ray 
diffraction patterns are given in Figure 3.14 with the line patterns for pure NalnO2 and 
AglnO2. Both x-ray patterns are shown with the same vertical scale to better illustrate the 
differences in intensities. Also obvious from the figure is the much smaller (104) 100% peak 
of NainO2 for the 275 °C sample in comparison with the 205 °C sample especially with 
relation to the (012) 100% peak for AginO2• This large difference is due to the greater 
amount of crystallinity in the samples reacted at 275 °C. With the greater extent of exchange 
at the higher temperature, it is not surprising that the particle size of the AginO2 would be 
larger. 
In addition to relative amounts of phases, it's possible that particle size of the NainO2 
and AginO2 can be an indicator to the extent of the reaction. Depending upon the mechanism 
for the exchange, it is possible that the NainO2 particles are shrinking as the exchange takes 
place, and even breaking up with the volume expansion upon formation of AginO2. If that is 
the case, smaller particle size of NainO2 after the exchange may yield information on the 
extent and the mechanism. Typically, particle size measurements by x-ray diffraction 
techniques require 4 to 5 peaks for accurate calculations. Due to the difficulty in isolating 
peaks, the actual particle size has not been calculated. Instead, the full-width at half 
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maximum (FWHM) for the 100% peaks, (104) peak for NalnO2 and (012) peak for AglnO2, 
of the phases is used. In Figure 3.15, the FWHM for the (104) peak for NalnO2 is plotted 
versus percent KNO3 in the molten flux for a reaction temperature of 205 °C. Similarly, 
Figure 3.16 has the results for reactions at 275 °C. 
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Figure 3.14: X-ray diffraction patterns for molten flux with 15% KNO3 reacted at 205 °C and 
275 °C 
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Figure 3.15: FWHM for NalnO2 (104) peak versus percent KNO3 in molten flux for reactions 
at 205 °C 
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Figure 3.16: FWHM for NalnO2 (104) peak versus percent KNO3 in molten flux for reactions 
at 275 °C 
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In the figures, large values for FWHM indicate broadening due to small particle size. 
For reactions at 205 °C, there is no clear trend going from small to large concentrations of 
KNO3. This may be somewhat expected due to the limited extent of exchange for the 
reactions at 205 °C. For reactions at 275 °C, there is an apparent trend with low and high 
concentrations of KNO3 exhibiting smaller FWHM values and thus larger particle size. In 
contrast, intermediate concentrations of KNO3 exhibit larger FWHM values and thus smaller 
particle size. This is in contradiction with Figure 3 .10 in which the integrated intensity ratio 
of the (104) peak for NainO2 to the (012) peak for AginO2 is plotted versus percent KNO3. In 
this figure, the trend indicates greater amounts of AginO2 at low and high concentrations of 
KNO3 that would be consistent with smaller FWHM (i.e. particle size) of the NainO2. If the 
particles are breaking up due to volume expansion upon formation of AginO2, smaller 
particle size might be expected. However, if smaller particles are consumed first during the 
exchange, leaving larger particles behind, than the two plots are in agreement. 
3.2.4 Reaction Kinetics 
In addition to temperature effects and nitrate composition effects, the reaction kinetics 
were studied by characterizing the reaction products at times ranging from 1 hour to 1 week. 
Figure 3 .17 gives the natural log of the integrated intensity ratios of the ( 104) N ainO2 peak to 
the (012) AginO2 peak versus time. The fit was attempted to demonstrate the exponential 
behavior in time. However, the fit does not have an acceptable correlation factor so the 
model given in Chapter 1 is not ideal. Figures 3 .18 and 3 .19 give the FWHM value for the 
(104) NainO2 peak and the (003) NainO2 peak versus time. Finally, Figure 3.20 
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Figure 3.17: Integrated intensity ratios for the (104) peak in NalnO2 to the (012) peak in 
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Figure 3.20: FWHM for AglnO2 (012) peak versus time 
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gives the FWHM values for the (012) AglnO2 peak versus time. All the data corresponds to a 
single composition reacted at the same temperature for varying lengths of time. 
The ratio of the integrated intensities over time indicate the exchange is not an ideal 
exponential process. The FWHM values for both the (003) and (104) NalnO2 peaks are 
increasing over time, indicating shrinking particle size as the reaction proceeds. Additionally, 
the FWHM values for the (012) AglnO2 peak are decreasing over time, indicating growing 
particle size over time. 
3.2.5 Silver Metal Formation 
The presence of Ag metal in the final product was a continual problem. It was 
thought that the higher reaction temperature of 275 °C might aggravate this problem since it 
is nearer to the decomposition temperature. That was the case for samples with no KNO3 
present for reactions at 275 °C. However, for samples reacted at 205 °C with no KNO3 
present, x-ray diffraction did not indicate the presence of Ag metal. In all cases when there 
was detectable Ag metal diffraction peaks, particularly the ( 111) peak, they were quite small 
and accurate quantitative data was questionable. For that reason, quantitative information 
regarding the amount of Ag metal formed is not presented. When Ag metal appeared in the 
x-ray scans, the peaks were similar to those in Figure 3.21. The primary issue of interest was 
to determine the conditions that increased the formation of Ag metal or the conditions that 
suppressed the formation of Ag metal. The presence of excess AgNO3 has been found 
stabilize the melt, preventing the formation of Ag metal [34]. Similarly, the presence of 
KNO3 has also been credited with stabilizing the melt and preventing the formation of Ag 
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metal [14]. While it is not clear from this research that excess AgNO3 suppresses the 
formation of Ag metal, the data does demonstrate that the addition of KNO3 did lessen the 
amount of the Ag formation, particularly at 275 °C. However, there is no evidence that 
varying the percentage of KNO3 present in the flux influences the amount of Ag metal. 
3000 
2500 
2000 
-~ 
<fl 
5 ,S 1500 
1000 
500 
30 40 50 
Two Theta, Deg. 
Figure 3.21: X-ray diffraction pattern showing typical Ag (111) (*) and (200) (**) peaks with 
data from sample with 48% KNO3 reacted at 275 °C 
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Figure 3.22: X-ray diffraction pattern for 2.5% Ca doped AglnO2 with AglnO2, JCPDS # 21-
1077 and Ag, JCPDS # 4-783 shown 
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3.3 Processing Doped Samples 
Once a method of processing essentially single phase Agln02 was determined, doped 
samples were attempted. The dopants were introduced in the precursor, Naln02. For n-type 
doping, Sn4+ was added to substitute for In3+. For p-type doping, Zn2+, ca2+, and Ni2+ were 
added to substitute for In3+. Verification of the successful substitutional doping of the Naln02 
was accomplished using x-ray diffraction. For the Sn4+, doping levels of 2.5% and 5% into 
f d h 2+ 2+ d · 2+ l o the Naln02 showed no presence o secon ary phases. Fort e Zn , Ca , an N1 , on y 2.51/o 
doping levels were successful. Higher levels introduced to the Naln02 resulted in the 
constituent binary oxides, ZnO, CaO, and NiO, appearing in the x-ray diffraction patterns. 
Once the dopants were successfully incorporated into the Naln02, the cation 
exchange technique was attempted for formation of doped Agln02. Originally, it was 
assumed that the optimum conditions found for the undoped exchange would result in a full 
exchange for the doped samples. This was the case for the Sn 4+ and Zn2+ doped samples. 
However, in the case of the Ca2+ and Ni2+ samples, the optimum conditions did not result in 
single phase Agin 0 2. For Ca2+, the identical conditions that resulted in essentially single 
phase Agln02 for an undoped process resulted in Agln02 and a considerable amount of Ag 
metal. Figure 3.22 gives the x-ray diffraction pattern for the Ca doped sample. As can be 
seen in the figure, the silver metal peaks are significant. In the case of the Ni doped sample in 
identical conditions, the extent of the reaction was minimal and silver formation was 
significant. The x-ray diffraction pattern for the Ni sample is given in Figure 3.23 shown 
with the line patterns for Naln02, Agln02, and Ag metal. 
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Although a complete study of optimum synthesis conditions for each dopant was not 
completed, variations on the processing were attempted until essentially single-phase doped 
samples were achieved. In the case of the Ca doped sample, successful processing was 
accomplished using a lower reaction temperature (205 °C instead of 275 °C) and a slightly 
different nitrate composition. Table 3 .4 summarizes the optimum conditions for undoped and 
doped samples of AglnO2. Additionally, Figure 3.24 gives the variation of the lattice 
parameter with the identity of the dopant (with ionic radii given). The radii for the doped 
samples follow an expected trend, increasing lattice parameter with increasing ionic radii. 
Table 3.4: Optimum processing conditions for undoped and doped AglnO2 
Sample 
Undoped AglnO2 
2.5% Sn doped AglnO2 
2.5% Ca doped AglnO2 
2.5% Zn doped AglnO2 
2.5% Ni doped AglnO2 
3.5.1 Method 1: Solid state 
1: 10: 6 
1: 10: 6 
1: 2: 3 
1 : 10: 6 
1 : 2: 3 
3.5 Discussion 
Temperature 
275 °C 
275 °C 
205 °C 
275 °C 
275 °C 
The solid state method is not a viable technique for AglnO2 synthesis at ambient 
pressures. All attempts at solid state reactions were failures. The use of different reactants as 
sources for Ag did not have any affect on the reaction with the products consisting of Ag 
metal and In2O3. In attempts to prevent the reduction to Ag metal, lower temperatures did not 
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Figure 3.23: X-ray diffraction pattern for 2.5% Ni doped AglnO2 with AglnO2, JCPDS # 21-
1077, NalnO2, JCPDS # 24-1037, and Ag, JCPDS # 4-783 
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Figure 3.24: Variation oflattice parameter, a, with B-site ion radii 
influence the results positively. Higher temperatures, possibly to assist in kinetics, did not 
influence the results in a positive way. If solid state techniques are desired, a high oxygen 
partial pressure ( ~ 102) would be a necessity. 
3.5.2 Method 2: Cation Exchange 
The cation exchange technique proved much more successful than the solid state 
technique. The synthesis of essentially single-phase AglnO2 was accomplished with various 
compositions of nitrate mixtures. There are numerous trends apparent from the processing 
conditions. The most obvious affects are temperature and time. The comparison between 200 
°C and 275 °C showed rather significant improvement at the higher temperature for all 
compositions. This result is not surprising since kinetics are assisted at the higher 
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temperature. Additionally, although quantitative results were not presented for the amount of 
Ag metal in the resultant powders, there were not any significant differences when 
comparing the two temperatures. Therefore, it does not appear that the higher temperature 
has a deleterious effect on the decomposition of AgNO3. 
The reaction kinetics study did not show the expected ideal exponential reaction rate 
behavior. The reaction proceeds rather slowly and then tail off considerably. The typical 
reaction time used both in this work and in the literature is 48 hours. It is possible that some 
of the nitrate compositions that did not result in complete exchanges in 48 hours could fully 
exchange with additional time. Also, for lower temperature reactions, where the kinetics are 
limited, additional time could allow for a more complete exchange. Additionally, more 
milling to break up the NalnO2 particles could assist the exchange since it appears that small 
particles exchange first leaving large particles behind (hence the trends observed for FWHM 
values in the (003) and (104) peaks). 
Perhaps one of the more interesting results of the time study is the variation in the 
NalnO2 and AglnO2 FWHM values and thus particle size. For NalnO2, the data indicate an 
increase in broadening of the x-ray diffraction peaks as the reaction proceeds. This could 
indicate a gradual consumption of the precursor phase as the reaction proceeds. It might also 
include a mechanism in which the Ag is diffused into the NalnO2 particles and breaking them 
up with a volume expansion upon forming Agin 0 2. This is supported by the variation of the 
FWHM for AglnO2 which decreases and then stabilizes on a value of~ 100 nm. A possible 
model to explain the particle size variation would include a shell of AglnO2 forming on the 
NalnO2 particle, which then flakes off at a particular thickness. This supports the 
stabilization of the AglnO2 particle size and the continual decrease in the NalnO2 particle 
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size. Additionally, the subsequent flaking off of the Agln02 shell would explain the lack of a 
perfect fit to an equation exponential in time. 
The influence of the nitrate composition could not be easily correlated to the 
experimental results. Due to the difficulty in assessing the composition of the reaction 
product, it is difficult to provide any absolute data. What has been presented includes trends 
on very specific aspects of the data. The trends indicate that the higher melting temperature 
KN03 concentrations result in a more complete exchange for reactions at 275 °C. This is 
supported by the ratio of the integrated intensities for the (104) Naln02 peak to the (012) 
Agln02 peak. The FWHM values for the (104) Naln02 peaks do not support this result in 
light of the reaction kinetics study results. 
The explanation for the effect of KN03 on the reaction kinetics and thermodynamics 
is not yet fully understood. It appears that the KN03 plays a number of roles. First, it lowers 
the melting temperature of the flux. Next, it seems to suppress the formation of Ag metal, 
although the amount of KN03 did not seem to effect the degree of formation. The variation 
in extent of the reaction may be a result of the enthalpy of mixing of the KN03 - AgN03 
mixture. This would increase the energy of the system during the initial stage of the reaction, 
which is when most of the reaction occurs. 
One important piece of information that must be considered is that the nitrate ratio is 
an experimentally dynamic variable. Although the reaction begins with a known 
composition of nitrates, the actual composition is changing throughout the course of the 
reaction. As such, it is difficult to pinpoint which parameter is affecting the extent of the 
reaction. Without additional experimentation and a more detailed study, the important 
parameters cannot be determined accurately. 
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CHAPTER 4. ELECTRONIC PROPERTIES: RESULTS AND DISCUSSION 
As the interest in the delafossite AglnO2 is primarily as a transparent conducting 
oxide, electronic properties are of interest. The properties measured on bulk samples included 
conductivity, conductivity as a function of temperature, Hall mobility, carrier concentration, 
and Seebeck coefficient. 
4.1 Undoped Samples 
Conductivity was measured for ½" diameter pellets of AglnO2• At room temperature, 
the conductivity was very low ( cr ~ 10-6) which compares favorably with Hosono et al ( cr 
~ 10-5) [28]. With increasing temperature, the conductivity increased as expected for 
semiconductor behavior. The activation energy for conduction was~ 0.40 eV. Hosono et al 
measured the activation energy in AglnO2 thin films at 0.24 e V [28]. Figure 4.1 shows the 
natural log of the conductivity versus inverse temperature. Hall mobility and carrier 
concentration could not be measured due to the very low conductivity values. Thermoelectric 
power measurement were attempted in order to determine the Seebeck coefficient. The result 
was a positive number, indicating p-type behavior. However, the error associated with the 
measurement was significant, once again due to the very low conductivity of the sample. 
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Figure 4.1: ln Conductivity for undoped Agln02 versus inverse temperature 
4.2 Doped Samples: n-Type 
For n-type doped samples, Sn4+ was added to substitute for In3+. Once again, ½ " 
diameter pellets were used for the measurements. The conductivity results were much 
improved for the Sn-doped samples. For 2.5% Sn doping, the conductivity increased 6 orders 
of magnitude to a~ 6 Siem. The variation of conductivity versus temperature was essentially 
non-existent indicating extrinsic behavior. The enhanced conductivity allowed Hall mobility 
and carrier concentration measurements to be made as well as thermoelectric power 
measurements to determine the Seebeck coefficient. The conductivity versus temperature 
plot is given in Figure 4.2 and the other measurements are summarized in Table 4.1 with the 
results from Hosono et al for 5% Sn doped thin films [28]. 
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The negative values of the Hall coefficient and Seebeck coefficient indicate n-type 
behavior in the Sn-doped sample as would be expected. Additionally, the values for the 
conductivity and Hall mobility are in good agreement with previously published literature 
values. The Hall mobility values of 0.577 cm2N•s for this work are very near to Hosono et al 
reported 0.47 cm2/V·s. The carrier concentration is approximately half the value ofHosono et 
al which is expected since their samples were 5% Sn doped and in this work they were 2.5% 
Sn doped. 
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Figure 4.2: ln conductivity versus inverse temperature for 2.5% Sn doped AglnO2 
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Table 4.1: Electronic property data for 2.5% Sn-doped AglnO2 
Property Value Hosono Ref 
Dopant Concentration 2.5% Sn 5% Sn [28] 
Conductivity 6.0 Siem 6.0 Siem [28] 
Hall Coefficient - 0.086 -0.023 [28] 
Hall Mobility 0.58 cm2N•s 0.47 cm2N·s [28] 
Carrier Concentration 7.25 * 1018 lcm3 2.7 * 1019 lcm3 [28] 
Seebeck Coefficient -102.9 µVIK - 50 µVIK [28] 
4.3 Doped Agln02: p-Type 
The results from attempts at p-type doping were not as successful as then-type. Three 
different substitutional dopants were attempted: Zn2+, ca2+, and Ni2+. For the 2.5% doping 
levels, all three dopants exhibited solid solution within the NalnO2 structure as evidenced 
from the x-ray diffraction data. At higher percentages, the constituent oxides appeared in the 
x-ray diffraction patterns. Conductivity measurements were made at room temperature up to 
~ 180 °C for each sample. In the case of the Ca doped sample, the activation energy was 
determined to be 0.18 e V from the slope of the ln conductivity versus temperature plot shown 
in Figure 4.3. For Ni and Zn samples, the conductivity versus temperature could not be 
measured due to the extremely low values so only room temperature values are available. For 
the Ni-doped sample, a reliable measurement could not be made, once again because the 
value was very small ( ~ 10-8 to -lo Siem) and out of range for the existing equipment. 
Additionally, due to the very low conductivity, the Hall mobilities, carrier concentrations, 
and Seebeck coefficients could not be measured for any of the p-type attempts. The available 
results for all the p-type attempts are given in Table 4.2. 
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Table 4.2: Conductivity data for p-type sample attempts 
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Figure 4.3: ln Conductivity versus inverse temperature for 2.5% Ca doped Agln02 
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4.4 Summary and Discussion 
The results of the electronic property measurements were mixed. The undoped 
sample and the p-type samples exhibited very low conductivities. Although the undoped 
sample indicated p-type behavior via the Seebeck coefficient, the error associated with the 
measurement, due to the low conductivity, makes this result very suspect. The most 
promising composition is the Sn-doped sample that demonstrated excellent conductivity and 
reasonable mobility. 
For the Sn doped samples, the improved conductivity is likely due to electronic 
compensation of the Sn-ions. The probable defect chemical reaction using Kroger-Vink 
notation is given in Reaction 4.1, where the extra positive charge from Sn4+ on the In3+ site 
generates an electron. 
Reaction 4.1 
For the p-type samples, the conductivity was not enhanced with the addition of the 
dopants because of ionic compensation. A possible defect chemical reaction for this effect is 
given in Reaction 4.2, where the extra negative charge from the B2+ on the In3+ site generates 
a partially ionized oxygen vacancy. 
Reaction 4.2 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 
The investigation into delafossites for use as transparent conductive oxides has shown 
much promise, both in the literature and in this work. This research focused on AglnO2 and 
found that once processing is fully understood and yields single-phase samples, the potential 
for high conductivity is promising. Then-type Sn-doped sample demonstrated this potential. 
Although p-type AglnO2 was not achieved in the doping schemes used in this work, there are 
many opportunities to pursue other strategies. 
5.1 Processing 
5.1.1 Conclusions 
Attempts at solid state synthesis of AglnO2 were not successful. The resulting 
products, with either Ag2O and AgNO3 as reactants, were In2O3 and Ag metal. There was not 
any evidence of formation of AglnO2 in the x-ray data. 
The cation exchange technique with the addition of KNO3 resulted in nearly single 
phase AglnO2. From the results of the x-ray diffraction analysis it is clear that the key 
parameters affecting the reaction are temperature, particle size, and nitrate composition. A 
reaction temperature of 275 °C had a significant effect on the extent of the reaction. In no 
instance did the reaction temperature of 200 °C result in a complete exchange. The particle 
size effects are well documented in the reaction kinetics study. As the reaction proceeds over 
time, the FWHM values for NalnO2 increase both for the (003) and (104) peaks. This 
indicates broadening due to a decreasing particle size. This is consistent with the notion that 
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the NalnO2 particles are consumed as the exchange reaction produces AglnO2. Additionally, 
the AglnO2 FWHM values are decreasing over time, indicating they are growing larger as the 
reaction occurs. 
Nearly single phase AglnO2 was synthesized with a AgNO3 to KNO3 ratio of 10:6. 
Doped nearly single phase AglnO2 was synthesized for Ca, Sn, Ni, and Zn. All of the 
optimum conditions are given in Table 5.1. In the case of Ca and Ni-doped samples, the 
processing conditions were significantly different from the undoped samples. 
Table 5 .1: Optimum processing conditions for undoped and doped AglnO2 
Sample 
Undoped AglnO2 
2.5% Sn doped AglnO2 
2.5% Ca doped AglnO2 
2.5% Zn doped AglnO2 
2.5% Ni doped AginO2 
5.1.2 Processing: Future Work 
1 : 10: 6 
1 : 10: 6 
1 : 2: 3 
1 : 10: 6 
1: 2: 3 
Temperature 
275 °C 
275 °C 
205 °C 
275 °C 
275 °C 
The demonstration that solid state techniques at ambient pressures are not viable for 
AglnO2 illustrates the necessity for the full understanding of the low-temperature cation 
exchange route. This work represents only the beginning of this understanding. The effects of 
time and temperature are fairly well understood. However, the effect of the composition of 
the nitrate flux still warrants further investigation. 
Future work on processing should focus on a systematic approach on the effects of 
the key variables. This work was originally intended to include the production of single-
phase samples for bulk characterization and thin film depositions. The extreme difficulties 
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encountered in the processing were somewhat unexpected and due to these difficulties, the 
focus of the research shifted considerably. 
It is clear that there are a few key parameters that are effecting the processing. These 
include the nitrate flux composition, temperature, time, and beginning NainO2 particle size. It 
is suggested that continuation of this work focus on these variables. In the case of NainO2 
particle size, a variable that should have a rather large impact on the extent of the exchange, 
no study has been done. Varying particle size for a given composition of nitrate flux could 
yield interesting results regarding the kinetics of the exchange. 
In order to gather more legitimate data on the exchange, a method of determining the 
chemical and phase composition of the samples is a necessity. The quantitative x-ray 
diffraction analysis used in this work, while yielding information on trends, did not provide 
adequate information on relative phase amounts and particle size. This is due less to the 
equipment and analysis techniques and due more to the variability of the samples. A new 
technique for chemical analysis needs to be explored. 
In addition to an understanding of the important parameters for processing, optimum 
sintering conditions also need to be explored. The thermodynamic stability of AglnO2 is not 
well known. Thermal analysis of the AglnO2 including ThermoGravimetric Analysis (TGA) 
and Differential Thermal Analysis (DT A) could provide valuable information on the stability 
of the compound, particularly under varying atmospheres. The amount of densification of the 
pellets was small with only ~ 60% theoretical density realized. For thin film deposition 
techniques such as Pulsed Laser Deposition, denser targets are needed. Furthermore, the 
porosity in the samples can have a deleterious effect on the conductivity measurements. 
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Although this work focused on AglnO2, there are numerous other delafossite 
compositions that can be investigated. This could include other Ag compounds such as 
AgAlO2, which was reported by Shannon and Prewitt [16]. However, it should also include 
Cu delafossites. The only p-type delafossites observed have occurred in the Cu family. The 
processing of the Cu delafossites is much more straightforward than with the Ag compounds. 
Solid state techniques can be used and have been shown to be successful. The only drawback 
with the Cu delafossites is that their conductivities are not as high as the Sn-doped AglnO2 
5.2 Electronic Properties 
5.2.1 Electronic Properties: Conclusions 
The electronic properties of the undoped AglnO2 were quite poor with conductivity, 
a, ~ 10-6 Siem. Hall mobility could not be measured due to the low conductivity. The 
Seebeck coefficient was positive, indicating p-type behavior. However, the amount of error 
associated with the measurement was too large to accept the measured value. 
The electronic properties of the Sn doped samples were quite good. The measured 
conductivity of 6.0 Siem is consistent with Hosono's reported results for thin films [28]. 
Additionally, the carrier concentration for the 2.5% doped sample is approximately half the 
value for Hosono's 5% doped thin films [28]. The Hall mobilities are similar with 0.58 
cm2N-s for this work and 0.47 cm2N-s for Hosono et al [28]. 
The electronic properties measured for the attempts at p-type doping were not very 
promising. For Ca, Zn, and Ni, the room temperature conductivities were very small with Ca 
and Zn at ~ 10-6 and 10-7_ These values are at or less that of the undoped AglnO2. An 
94 
accurate reading of the Ni doped sample could not be obtained as the conductivity was so 
low that it was out of range of the available equipment. 
5.2.2 Electronic Properties: Future Work 
The results on the electronic property measurements were mixed. The Sn-doped 
samples yielded valuable information through the measurement of the Hall coefficient, Hall 
mobility, carrier concentration, and Seebeck coefficient. Unfortunately, the rest of the 
samples had conductivities that were too small to allow the measurement of these properties. 
For these existing samples, there is little that can be done to improve the measurement 
techniques. However, there are techniques that can be used to improve the conductivity. 
One method that could yield positive results for the p-type doped samples 1s 
annealing in oxygen. If it is assumed that an ionic compensation reaction dominates in air, 
higher oxygen pressures might stabilize the complimentary electronic compensation reaction 
shown below (Reaction 4.3). This would involve annealing the samples in high oxygen 
partial pressure atmospheres at fairly low temperatures. The low temperature is required to 
avoid decomposition of the samples. A study on the effect of these anneals on the various p-
type samples could yield a better understanding of the defect chemistry and improved 
conductivities. 
Reaction 4.3 
Another possibility is the use of different chemistries in the doping schemes or higher 
levels of doping. The samples used in this study were doped at 2.5%. In the case of Zn and 
Ca, higher doping levels were not possible, as they would not go into the precursor at higher 
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levels. The Ni could possibly go in at higher levels. Additionally, different chemistries could 
be attempted as well. Although there are not a lot of options for species with 2+ valences, Mg 
is one possibility. In fact, Mg was used in CuA102 delafossites as a potential p-type dopant, 
although it did not yield better conductivity [24]. 
If single-phase doped samples can be produced, electronic property measurements 
should include conductivity measurements in a variable atmosphere furnace. The behavior of 
the conductivity of the samples in reducing or oxidizing atmospheres would greatly improve 
the understanding of the conductivity mechanisms and defect chemistry. 
The final step should include deposition of thin films by Pulsed Laser Deposition. If 
these materials are to be considered for many of the potential applications listed previously, 
thin film samples must be produced and characterized. This would allow for the 
determination of the optical properties as well and would indicate their viability for use as 
transparent conductive oxides. 
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